Computational fluid dynamics (CFD) modelers require high-quality experimental data sets for validation of their numerical tools. Preferred features for numerical simulations of a sooting, turbulent test case flame are simplicity (no pilot flame), well-defined boundary conditions, and sufficient soot production. This paper proposes a non-premixed C 2 H 4 /air turbulent jet flame to fill this role and presents an extensive database for soot model validation.
lack of a sooting "standard flame", this flame is suggested as a new reference turbulent sooting flame.
The flame characterization presented here involved a variety of optical diagnostics including quantitative 2D laserinduced incandescence (2D-LII), shifted-vibrational coherent anti-Stokes Raman spectroscopy (SV-CARS), and particle image velocimetry (PIV). Producing an accurate and comprehensive characterization of a transient sooting flame was challenging and required optimization of these diagnostics. In this respect, we present the first simultaneous, instantaneous PIV, and LII measurements in a heavily sooting flame environment. Simultaneous soot and flow field measurements can provide new insights into the interaction between a turbulent vortex and flame chemistry, especially since soot structures in turbulent flames are known to be small and often treated in a statistical manner.
Introduction
The emission of particulate matter from aircraft gas turbine engines, their potential impact on world climate and human health, and state-of-the-art methods for measuring particulate matter in aircraft engine exhaust are key issues concerning international bodies such as the ICAO, EASA, and FAA [1, 2] . Significant progress has been made in non-volatile particulate matter diagnostics in aircraft engines, presented in the Aerospace Information Report (AIR) 5892 [3] and the respective Technical Annexes (TA) as AIR 6037 [4] . These Aerospace Recommended Practice (ARP) style documents include detailed descriptions of techniques and methods applicable for measurements of particle mass (TA-1), particle number, and particle size (TA-2). However, for the development of new ARP guidelines to replace the current SAE smoke number measurements in aero-engine certification processes, extensive research on alternative soot measurement methods is needed.
Additionally, new combustion chamber geometries and injector concepts may be needed to fulfill increasingly stringent emission rules, making deeper understanding of the soot formation process more important than ever [5] . Besides its negative environmental and health effects, soot production within gas turbine combustion chambers is unwanted as it decreases the combustion efficiency and enhances thermal radiation, making soot a limiting factor in operability. Therefore, economic as well as environmental motivations are directly linked to the understanding of soot formation.
To improve soot predictions for gas turbine engines and industrial combustors, numerical simulations and kinetic soot model schemes need to be developed and adopted to relevant conditions that can accurately treat turbulent mixing, combustion and particularly the complex chemistry of soot formation. One of the most demanding problems in this respect is the complexity of the formation process, which is still under investigation even today [6] [7] [8] [9] . Current numerical developments are divided in two directions according to individual requirements in application. One approach emphasizes accurate, but computationally-expensive models, making the application to a technical configuration unfeasible [6, 10, 11] . The other approach is to focus on simplified models that are less accurate but allow application to more complex burner configurations [12, 13] . A recent approach by Di Domenico proposes to bridge the gap between these two approaches with a soot model that seems to allow an accurate, yet affordable calculation of soot in complex gas turbine combustion chambers [14] . However, to evaluate the quality of different available numerical approaches experimental data for validation purposes focusing on technically relevant combustion processes is strongly needed.
Bound to this indispensable experimental data, certain conditions and features are desired from a modelers' perspective. In this paper, our goal is to provide a database for model validation purposes in close collaboration with modelers in order to match these desires as close as possible to experimental feasibility. Hence, we are trying to fill the gap in recent turbulent combustion history, where appropriate experimental databases have not fully met current modelers' needs with respect to burner design, boundary conditions, and soot concentrations [14, 15] .
Favored, both from numerical as well as an experimental viewpoint, is a simple, well-defined burner geometry without the need for a pilot flame. This is especially true with respect to easy reproducibility. Bluff body, spray, and swirl flames have proven to be more challenging for interlaboratory comparisons as compared to burners with simpler flow passages and simpler construction properties. Therefore, a long undisturbed fuel line producing fully-developed flow at the exit is desired. All these aspects are inherent to simple jet burners thus making them the obvious first choice.
Of equal priority for validation experiments is the consideration of the boundary conditions [16] . Great care must be taken in setting and measuring the boundary conditions to allow proper definition of the computational problem [17, 18] . In an ideal situation, the boundary conditions of the experiment are consistent with the available input features of the models. As pointed out by Barlow, modelers should be consulted during the burner design phase; flame behavior can be very sensitive to small variations in boundary conditions, even for burners with simple geometries and, especially with regard to their appropriate measurement [16, 19] .
Another major aspect of validation flame selection is the choice of flame conditions such as turbulence intensity on the one side and fuel on the other side. A balance must be struck between soot concentration, reasonable turbulence, and simplicity. Reynolds numbers above 7500 with considerable soot production are favored, but simple fuels are desired for current chemistry model validation, leaving increased fuel complexity for future iterations. Generally, addition of other fuels to the main fuel proves no problem from either an experimental or modeling perspective, but reaction mechanisms get larger and validation becomes more challenging [15] .
Directly linked to the choice of flow parameters are the dimensions of the system. The flame itself should be short enough to have well-defined air flow boundary conditions even high up in the flame. This is also strongly favored from a diagnostic point of view because a short flame reduces the number of measurement locations and results in a less complex flame in terms of enclosure, optical accessibility, and air handling in the laboratory.
Taking all the desires into account, setting up an appropriate database for validation, and especially turbulent soot model validation, becomes an ambitious task and useful past experience can be drawn from the literature. These challenges in validation of turbulent combustion models are not a new topic by any means. For example, experimental data on simple non-sooting turbulent reacting flows was documented in review papers [20] [21] [22] and [23] more than 20 years ago, but were found to be inappropriate for validation purposes at that time. The accountability committee of leading combustion researchers concluded that none of the available data sets were appropriate for model validation and the computational effort should not be initiated at that time. This conclusion highlights the fact that experiments not specifically designed for the purpose of model validation are unlikely to be useful for that purpose [19] . Targeted
